The reflectance measurement during the selective deposition of W on Si covered with an insulator grating is proven to be a convenient method to monitor the W deposition. The reflectance change during deposition allows the in situ measurement of the deposition rate: The influence of surface roughening due to either the W growth or an etching pretreatment of the wafer is modeled, as well as the effect of selectivity loss and lateral overgrowth.
A grating has been successfully used in the past to monitor in situ the etch rate of, e.g., Si for dry trench etching (1) (2) (3) .
W can be deposited selectivity by means of LPCVD using the reduction reaction of WF6 by either Si, H2, or Sill4 (4, 5) .
The reaction conditions can be chosen so that W does not deposit on insulators like SIO2, Si3N4, etc., but only grows on (semi-)conductors like Si and A1 (4, (6) (7) (8) .
When W is deposited on a grating structure as presented in Fig. 1 , the reflectance will change during deposition due to the changing diffraction caused by the moving W surface. The distance between the maximum and a minimum in reflectance is related to M4, with k the wavelength by which the reflectance is measured.
Theory
The reflectance (R) of a multilayer stack is given by R = Irl s = (E1-/EI+) 2 [1] where E,-and E, + are, respectively, the amplitudes of the reflected and incident electric field vector at the first interface, r is the Fresnel reflection coefficient of the multilayer stack. With more multilayer stacks side by side on the same surface the reflectance is given by R = [EFiri exp (j~) [2 [2] where F~ is the surface fraction covered by layer stack i, r, is the Fresnel reflection coefficient of this stack, 5~ is equal to 4 7rhi/~, hi is the height difference between the surface of layer stack i and a reference level and ~ is the wavelength. Equation [1] can be calculated using a matrix method (9, 10) . A code was developed to calculate Eq. [2] .
For the case that W is growing selectively on Si partially covered with an insulator it is convenient to take the Si surface level under the insulator as a reference level.
When the growing layer is suffering from roughness, which is the case for the W deposition (11, 12) , the Fresnel reflectance of this stack is changing (12, 13) . When the solid angle of observance is <0.03 sr the Fresnel reflectance of a rough surface is given by (13) [3] where r(z) is the Fresnel reflection coefficient at the given angle of incidence (4) of a smooth surface covered with W thickness z.
The effect of the growing W surface, whose roughness is increasing with W thickness (11, 12) on the total reflectance can be simulated by subdividing the W surface fraction in subfractions with variable thickness. The W surface sub fraction Fwa b with thickness between a and b can be found by integration of the thickness density function f (z)
The average thickness dFwab in the sub stack Fwab is given by f;, //?
a a
Experimental
Si wafers, p-type (1.0.0) 10 ~ cm were oxidized to 820 nm. A 5 ~m grating was etched in the oxide using standard photolithography and plasma RIE etching with CHF3, followed by a CF4 + 02 plasma etch in order to remove 20 nm of Si, which is the depth of the damage and H implant caused by the CHF3 plasma. After photoresist removal and prior to loading into the reactor the wafers were dipped in a 1% HF solution in order to remove the native oxide on the Si. The final thickness of the oxide was 800 nm. The grating dimensions after etching were: Si:SiO2 = 5.25: 4.75 ~m, so in Eq.
[2] Fsio2 = 0.475 and Fsi = 0.525.
W was deposited in a single-wafer cold wall reactor with in situ reflectance measurement capabilities. A schematic drawing of the system is presented in Fig. 2 . The reflectometer light source is a xenon arc lamp. Both input and output fibers have a pinhole diaphragm at the end in order to keep the spot and the angle of observance small (<0.01 sr) The photomultiplier output is fed into a computer with a phase-locked loop (PLL) amplifier on board. W was deposited selectively on the Si part of the grating in a two-step process.
1. An initial W layer was formed by the self-limiting Si reduction reaction 3Si + 2WF6 = 2W + 3SiF4 [6] The initial layer thickness of the self:stopping Si reduction reaction as measured by the weight change of an unpatterned wafer was found to vary between 20-30 nm. This W layer consumes a Si layer which is twice the resulting W thickness (15) . The growth rate of this initial layer is not constant but gradually becomes zero when the self-stopping thickness has been reached. 2. The initial layer was increased in thickness by either the H~-or SiH4-reduction process WF6 + 3H2 = W + 6HF [7] 2WF8 + 3Sill4 = 2W + 3SiF4 + 6H2 [8] In one case the wafer was etched in situ in order to remove the native oxide with an afterglow NF3 plasma followed by the deposition of W via the Sill4 reduction process without deposition of the self-limiting Si-reduction process.
Experimental Results, Simulations, and Discussion
In order to simulate the reflectance relation during the initial layer formation we used the island growth model as presented elsewhere (12, 16) . After the initial layer has been formed we assumed that further growth proceeds through layer by layer growth via either reaction [7] or [8] . The reflectance-thickness relation is calculated for ~ = 400 
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Window nm and X = 600 nm assuming an rms roughness (a) of 3% and 7% which is characteristic for the Sill4 and H2 process, respectively (12) . Optical data were taken from (17, 18) . The simulations are presented in Fig. 3 
(a-d).
Note that the maximum amplitude decreases and that the minimum reflectance increases due to the increasing surface roughness. We monitored the reflectance at X = 400 and 600 nm during reaction [6] followed by reaction [8] ; the results are presented in Fig. 4 a, b .
The reflectance is presented normalized to the reflectance at time t = 0. The reflectance change during the Si reduction reaction is shown from t = -60 s to t = 0. The Si reduction starts after an induction period. After some time the W layer no longer increases in thickness because this reaction is self-limiting. The reflectance then no longer changes. At t = 0 the Sill4 reduction starts; again a time lag can be observed. The first induction period may be attributed to the native oxide, and indeed we found larger induction periods when the native oxide was intentionally increased in thickness by a chemical treatment. The origin of the second induction period may be the accumulation of contaminants after the W surface is formed by the Si reduction since the reactor system is a high vacuum system only. With base pressures in the 10 -6 torr range one might expect a monolayer of contaminants in a time length of a few seconds. The Sill4 reduction then starts with nuclei formation which may be the source of the observed delay.
The real value in terms of reflectance can be calculated when we compare the photomultiplier output between a blank Si wafer and the specimen under study. For blank Si wafers we found at k = 400 nm the photomultiplier output to vary between 0.75 and 0.95. These variations may be caused by wafer bow and irreproducible susceptor positioning. We therefore prefer to present the reflectance in a.u. For comparison between calculation and measurement we calculated the value of an a.u. In Fig. 4a,  I a.u. = 0.093 on the reflectance scale. We must, however, keep in mind that based on the arguments mentioned above the accuracy is not better than 10%. If we compare the results presented in Fig. 4 with the simulations presented in Fig. 3 a and b we may conclude that the minimum reflectance is much higher in the X = 400 nm case and that the amplitude becomes lower after selectivity loss was observed visually. Note that in Fig. 3 the reflectance is plotted against thickness whereas in Fig. 4 it is plotted against time.
The high minimum reflectance is probably caused by scattering. This could, for example, be the 800 nm oxide step which hinders higher order reflections. Multiple reflections at these steps which are not taken into account in the Kirchhoff theory may cause such deviations. Also a rough surface can cause the effects as was demonstrated in the simulations presented in Fig. 3 . In order to explain the effect, an rms roughness of 50 nm has to be assumed as we can conclude from Fig. 5 , where we calculated the maximum and minimum reflectance as a function of the rms roughness. The same roughness would not have such a serious effect in the case of a higher wavelength (compare Fig. 5a with 5b) and in fact the experimental result of the X = 600 nm experiment does indeed not suffer that much from too high minimum reflectance. A roughness of 50 nm however was not observed by SEM observations after the plasma etching proeedure which forms the grating in the oxide. It may however also be the case that we are dealing with a long range variation in the Si or SiO~ surface level.
The selectivity loss can be seen in Fig. 6 which is a SEM photograph taken from the X = 400 nm experiment. Nearly full selectivity loss can be observed. The W on the SiO2 surface consists of hemispheres (more clearly visible in the insertion in Fig. 6 ) and the typical radius of the hemispheres can be estimated at about 250 nm with G about I00 nm. If we assume that the radius of the hemispheres grow with d. Electrochem. Soc., Vol. 138 t h e s a m e rate as t h e W o n t h e Si surface, t h e n we c a n calculate t h a t t h e o n s e t of selectivity loss started w h e n t h e W t h i c k n e s s was a b o u t 400 n m .
We calculated t h e effect of selectivity loss on t h e reflecta n c e w i t h t h e e s t i m a t e s d e r i v e d from Fig. 6 a n d a n appare n t initial r o u g h n e s s of 50 nm. T h e selectivity loss can b e s i m u l a t e d b y allowing a W/SiOJSi stack to grow in vertical a n d lateral d i m e n s i o n at t h e e x p e n s e of t h e S i Q / S i stack.
A G a u s s i a n d i s t r i b u t i o n of t h e r o u g h n e s s was a s s u m e d for b o t h t h e W on Si a n d t h e W o n SIO2.
T h e results are p r e s e n t e d in Fig. 7 a a n d b for X = 400 a n d 600 n m , respectively. This agrees w i t h t h e e x p e r i m e n t s .
In situ NF3 plasma cleaning.--The reactor is c l e a n e d in a n afterglow NF3 p l a s m a after each deposition. T h e availability of s u c h a n afterglow p l a s m a also allows us to clean
t h e wafer in situ in t h e r e a c t o r j u s t prior to t h e start of t h e d e p o s i t i o n sequence. It was f o u n d t h a t s u c h a t r e a t m e n t strongly e x t e n d s t h e p e r i o d of selective deposition.
A disa d v a n t a g e is t h a t this p l a s m a n o t only etches t h e oxide b u t also a n d e v e n s t r o n g e r t h e St. T h e Si e t c h i n g is very irregular as c a n be s e e n in Fig. 8 . T h e NF3 p l a s m a t r e a t m e n t is still u n d e r s t u d y a n d m o r e details will b e p r e s e n t e d later.
T h e reflectance-time relation d u r i n g t h e d e p o s i t i o n via reaction [8] only was m e a s u r e d , a n d t h e results are pres e n t e d in Fig. 9 .
T h e S E M p h o t o g r a p h (Fig. 10 a a n d b) c o r r e s p o n d i n g w i t h t h e result p r e s e n t e d in Fig. 9 was t a k e n at an angle of 3 0 ~ w i t h r e s p e c t to t h e n o r m a l . F r o m Fig. 10 t h e following c o n c l u s i o n s c a n b e d r a w n :
i. The W thickness is 2.1 ~m which is in agreement with the reflectance measurement provided that we assume that the small reflectance change during the first minute is not due to an induction period but due to a very small amplitude caused by a rough surface with rms > I00 nm. From Fig. 8 we may indeed conclude that the roughness after the NFs clean is large.
2. The oxide thickness in this case was 700 nm, in agreement with ellipsometer data.
3. The lateral overgrowth starts when the grating is completely filled. The lateral growth rate is equal to the vertical growth rate.
4. The amount of Si etched by the NF 3 plasma is about 0.3 t~m.
5. W h e m i s p h e r e s on t h e oxide h a v e a typical radius of 0.6 t~m, i n d i c a t i n g t h a t selectivity loss o n t h e oxide started at a W t h i c k n e s s of a b o u t 1.5 ~m.
6. T h e initial surface r o u g h n e s s c a u s e d b y t h e NF3 p l a s m a a n d visible in Fig. 10a w h e r e part of t h e W was p e e l e d off, is n o t r e p l i c a t e d in t h e W. F r o m Fig. 9 it c a n b e s e e n t h a t t h e a m p l i t u d e increases w i t h t h i c k n e s s from near]y zero to a m a x i m u m a n d t h e n d e c r e a s e s again, t h e m i n i m u m reflectance decreases continuously; also note t h a t t h e d i s t a n c e b e t w e e n m i n i m a a n d m a x i m a increases w h e n t h e t h i c k n e s s of t h e W is b e y o n d 1 ~m. T h e g r o w t h rate as calculated from Fig. 9 is pres e n t e d in Fig. 11 . T h e p h e n o m e n o n of g r o w t h rate decay c a n b e a t t r i b u t e d to selectivity loss on t h e s u s c e p t o r w h i c h was o b s e r v e d visually after a b o u t 2.5 min. It is also t h e p o i n t w h e r e t h e lateral o v e r g r o w t h starts. T h e surface conc e n t r a t i o n of r e a c t a n t s d e p e n d s on t h e total r e a c t a n t cons u m i n g area as was f o u n d earlier for t h e H2 c h e m i s t r y (19, 20) . T h e Sill4 surface c o n c e n t r a t i o n especially is of imp o r t a n c e since t h e rate of reaction [8] is l i n e a r p r o p o r t i o n a l w i t h t h e Sill4 c o n c e n t r a t i o n (5).
In order to u n d e r s t a n d at least qualitatively t h e s h a p e of t h e reflectance characteristic in Fig. 9 we s i m u l a t e d t h e reflectance u n d e r t h e following a s s u m p t i o n s :
1. T h e initial r m s surface r o u g h n e s s d u e to t h e NF3 p l a s m a t r e a t m e n t a n d d u e to o t h e r s o u r c e s as m e n t i o n e d earlier was a s s u m e d to b e 100 nm. This r o u g h n e s s is as- 2. The roughness of the W layer itself is assumed to be 3% of the W thickness.
3. The oxide thickness is 0.7 ~m. 4. The amount of Si etched is assumed to be 0.3 ~m. 5. Lateral overgrowth starts at a thickness of 1.0 ~m; this is when the W thickness equals the S i Q thickness plus the amount of etched St.
6. No selectivity loss on the oxide is assumed. The result of this simulation is presented in Fig. 12 and shows that the assumptions stated above fit the observation. An initial rms roughness of 120 nm would have fitted better and would have explained the low reflectance change during the first 60 s. The goal of the calculation presented in Fig. 12 was however not to get quantitative agreement with the measurement but to understand the effect of smoothing and_lateral overgrowth. Note that in all simulations the reflectance is plotted vs. thickness whereas the measured reflectance is plotted against time. 
Conclusions
The feasibility of the in situ growth rate measurement of selective W has been demonstrated. The effect of surface roughness, selectivity, and later overgrowth on the reflectance is understood. A decreasing growth rate during the deposition process was measured, which may be related to an increasing surface area where deposition occurs. The increasing surface area may be related to lateral overgrowth and selectivity loss.
The method can also be applied for other selective deposition schemes.
